INTRODUCTION
preservative properties, as well as their antimicrobial effect (Burt, 2004; Lee et al., 2004; Wallace, 2004) . The antimicrobial properties of EO have encouraged their use as a natural replacement for antibiotic growth promoters in animal feeds. In addition to the positive effects of EO against the colonization and proliferation of pathogenic bacteria (Lee et al., 2004) , EO have been shown to improve nutrient digestibility and broiler performance (Cao et al., 2010; Amerah et al., 2011) . Recent studies have highlighted the potential benefit of combining EO and carbohydrase enzymes on broiler performance and nutrient digestibility (Cao et al., 2010) .
Salmonella enterica serovars Enteritidis and Typhimurium are the common serovars causing salmonellosis ). However, a recent outbreak of Salmonella enterica serovar Heidelberg infections in the United States has increased the interest in this serovar of Salmonella as a potential livestockborne pathogen for humans. Borsoi et al. (2011) reported similar changes in the intestinal mucosa caused by Salmonella Heidelberg compared with those caused by Salmonella Enteritidis in broiler chickens, suggesting that Salmonella Heidelberg may have importance as a pathogen to newly hatched chicks and is a potential broiler carcass contaminant.
Using feed additives to beneficially affect both performance and Salmonella colonization in broilers would be of interest to the poultry industry and can be an important tool to control Salmonella in broilers (Eeckhaut et al., 2008) . To our knowledge, combining the effects of EO and carbohydrase enzymes on Salmonella transmission control, with possible complementary effect, has not yet been investigated. Therefore, the objectives of this study were to investigate the effects of combining xylanase and EO on performance and Salmonella transmission in broiler chickens fed wheat-based diets.
MATERIALS AND METHODS

Diets and Bird Management
One-day-old male broilers (Cobb × Cobb) were obtained from a commercial hatchery and randomly assigned to 5 dietary treatments (8 pens/treatment of 50 male broilers each). Treatment 1 (control) received feed containing no feed additives and was not challenged with Salmonella. Treatment 2 (challenge control) contained no feed additives but was challenged with Salmonella. Treatment 3 received feed supplemented with EO (100 g/tonne of diet; Enviva EO 101, Danisco Animal Nutrition, Marlborough, UK; active ingredients were cinnamaldehyde and thymol) and was challenged with Salmonella. Treatment 4 received feed supplemented with xylanase (2,000 U/kg of feed, Danisco Xylanase, Danisco Animal Nutrition) and was challenged with Salmonella. Treatment 5 received feed containing a combination of EO (100 g/tonne of diet; Enviva EO 101) and xylanase (2,000 U/kg of feed) and was challenged with Salmonella. All birds were sprayvaccinated with Coccivac-B (Intervet/Schering-Plough Animal Health Corp., Millsboro, DE). Broiler starter and finisher diets, based on wheat and soybean meal (Table 1) , were formulated, pelleted, and fed ad libitum. All diets were supplemented with 500 FTU/kg of diet phytase (Phyzyme XP, Danisco Animal Nutrition). For each pen, BW and feed intake were recorded at 21 and 42 d of age. Mortality was recorded daily. Any bird that died was weighed and the feed-to-gain values were calculated by dividing total feed intake by weight gain of live plus dead birds.
Salmonella Challenge and Testing
Except for the unchallenged control (treatment 1), on d 1, before placement, 25 chicks per pen were tagged for identification and then orally dosed with 0.1 mL of nalidixic acid-resistant (32 μg/mL; Sigma, St. Louis, MO) Salmonella Heidelberg (5 × 10 5 cfu/mL). The Salmonella environmental sampling was by drag swabs (Kinde et al., 2004 ) from all pens on d 14 and 42 and analyzed for Salmonella as described by Alali et al. (2011) . On d 42, 10 birds per pen (5 tagged and 5 nontagged) were killed by cervical dislocation and the ceca were aseptically removed and placed into sterile plastic sampling bags (Fisher Scientific Inc., Pittsburgh, PA) for Salmonella isolation. To these samples, 50 mL of 2 Phyzyme XP 10000 TPT, Danisco Animal Nutrition, Marlborough, UK. The enzyme was included at a rate of 50 g/t to supply a guaranteed minimum of 500 FTU/kg of feed.
3 Includes the contribution from phytase of 0.11% Ca and 0.12% available P.
tetrathionate broth (Young et al., 2007; Difco, Sparks, MD) with brilliant green broth (Sigma) and iodine (Sigma) was added, and the samples were mechanically homogenized using a stomacher (Technar Company, Cincinnati, OH) for 20 s. These samples were then incubated at 41.5°C and cultured for Salmonella as described below.
Isolation and Identification of Salmonella
A 10-μL loop of the enriched sample was streaked onto Xylose Lys Tergitol-4 (XLT4) agar plates containing nalidixic acid (25 μg/mL; Sigma) and incubated at 37°C overnight, and then they were held at room temperature for 24 h before reading. The H 2 S-positive isolated colonies were streaked onto blood agar and incubated at 37°C with 7% CO 2 overnight. Suspect Salmonella colonies were confirmed using poly O group B Salmonella-specific antiserum. Negative enrichments were held for 5 d, enriched again, and streaked onto XLT4 to confirm results. Any Salmonella recovered on secondary enrichment were verified as described previously.
Statistical Analysis
For performance parameters, pen means served as the experimental unit for statistical analysis. All data were subjected to one-way ANOVA using the GLM procedure of SAS (SAS Institute, 2002) . The differences were considered significant at P < 0.05, and significant differences between means were separated by the least significant difference test. The frequency of positive Salmonella in the untagged birds was compared between treatments by using a chi-squared test of homogeneity.
RESULTS
Bird Performance
The influence of treatments on the performance of broilers is summarized in Table 2 . During the starter phase (1-21 d), finisher phase (22-42 d) , and over the whole trial period (1-42 d) , challenging the birds with Salmonella had no effect (P > 0.05) on any of the measured performance parameters compared with the unchallenged control. Xylanase and EO supplementation improved (P < 0.05) the 42-d BW gain and feed efficiency with no effect (P > 0.05) on feed intake compared with those of the control treatment. Xylanase supplementation improved (P < 0.05) BW gain and feed efficiency compared with those of the EO treatment birds. The combination treatment of xylanase and EO numerically improved (P > 0.05) BW gain and feed efficiency compared with those of the xylanasesupplemented diet.
Salmonella Challenge and Testing
The influence of treatments on the incidence of horizontal transmission of Salmonella infection between birds and the Salmonella environmental sampling by drag swab is summarized in Table 3 . Xylanase and EO supplementation reduced (P < 0.05) the incidence of horizontal transmission of Salmonella infection between birds compared with the challenged control. The combination treatment of EO and xylanase had no further reduction effect on the incidence of horizontal transmission of Salmonella infection between birds compared with the EO and xylanase treatments. On d 14, the combination treatment of EO and xylanase reduced (P < 0.05) the positive drag-swab samples compared with the control. On d 42, xylanase supplementation had no effect on the positive drag-swab samples compared with the challenged control. However, EO and the combination treatment of EO and xylanase reduced (P < 0.05) the positive drag-swab samples compared with the challenged control.
DISCUSSION
The reduction in human cases of salmonellosis caused by poultry meat consumption is of great importance for both producers and consumers alike. It is unlikely that the use of feed additives alone can eliminate Salmonella. However, reduction of Salmonella numbers in the intestine and the number of contaminated carcasses can help in improving food safety (Corry et al., 2002) . Starting in July 2011, the USDA Food Safety and Inspection Service changed the performance standards, based on the percentgage of carcasses testing positive for Salmonella, to be no more than 9.8% positives, compared with 23% in the previous recommendations (USDA /FSIS, 2010) . It is believed that with these changes, 26,000 cases of salmonellosis can be avoided each year (USDA/FSIS, 2010). In the last survey in the European Union, the prevalence of Salmonella-contaminated broiler carcasses was 15.6% in the abattoir (EFSA, 2008) . Therefore, using certain feed additives to reduce the incidence of Salmonella-contaminated broiler carcasses would be of great interest to the industry. In the current study, challenging the birds with Salmonella had no effect on broiler performance. Similarly, Mountzouris et al. (2009) reported no effect on 42-d broiler performance when challenged with Salmonella Enteritidis. In contrast, other researchers reported that challenging broilers with Salmonella resulted in a significant deterioration of growth performance (Vandeplas et al., 2009; Marcq et al., 2011) . Reduced growth performance has been attributed to the decreased feed intake by challenged birds due to mucosal damage (Vandeplas et al., 2009 ). These contradictory results may be explained by differences in the species and strains or dose of Salmonella used to challenge the birds, which results in different levels of intestinal damage (Malago et al., 2003) or because of differences in cereal type used in the study (Teirlynck et al., 2009) .
In the present study, xylanase supplementation improved broiler performance and reduced the number of Salmonella-positive cecal samples. This result is consistent with the findings of other researchers who have observed improved performance and a reduction of Salmonella in the cecum of broilers fed a wheat-based diet supplemented with xylanase (Nian et al., 2011) . Similarly, Vandeplas et al. (2009) reported a significant reduction in Salmonella Typhimurium concentration in excreta of 30-d-old broilers infected with Salmonella Typhimurium when a wheat-based diet was supplemented with xylanase. Teirlynck et al. (2009) reported a significantly lower Salmonella colonization in the spleen, liver, and ceca of broilers fed a maize-based diet in comparison to those given a wheat/rye-based diet. It has been suggested that xylanase improves nutrient digestibility and, therefore, reduces the nutrients available for pathogenic bacteria in the small intestine (Choct, 2006; Vandeplas et al., 2009) . Another possible explanation is that xylanase hydrolysis of arabinoxylan into fragments of arabinoxylan-oligosaccharides acted as prebiotics and stimulated the intestinal immune responses or stimulated beneficial populations, which can compete in the intestine with Salmonella and restore the microbial balance (Patterson and Burkholder, 2003) . Eeckhaut et al. (2008) concluded that dietary addition of arabinoxylooligosaccharides prepared from wheat bran by extraction with endoxylanase provides dose-dependent protection against oral infections with Salmonella Enteritidis in poultry. It should be noted, in the current study, that although xylanase supplementation reduced the number of Salmonella-positive cecal samples, it had no effect on positive drag-swab samples on d 42, suggesting no effect of xylanase on environmental Salmonella.
Essential oils improve digestive physiology, stimulate blood circulation, exert antioxidant properties, reduce levels of pathogenic bacteria, and may enhance immune status (Brenes and Roura, 2010) . Several in vitro studies showed antibacterial effects of some essential oils against Salmonella. Smith-Palmer et al. (1998) reported that the oils of bay, cinnamon, clove, and thyme had the most inhibitory effect on 5 important food-borne pathogens (Escherichia coli, Salmonella enteritidis, Campylobacter jejuni, Staphylococcus aureus, Listeria monocytogenes). Helander et al. (1998) reported that carvacrol, thymol, and trans-cinnamaldehyde showed an antibacterial inhibitory effect against Escherichia coli and Salmonella Typhimurium. In the current study, the EO combination of thymol and cinnamaldehyde reduced the percentage of Salmonella-positive samples of the uninfected birds and in the environment (drag-swab samples). Using a similar blend of thymol and cinnamaldehyde, Tiihonen et al. (2010) showed a reduction of Escherichia coli and Salmonella in cecal samples of broiler chickens fed a wheat-based diet. Cox et al. (1994) stated that reductions in the levels of Salmonella in the intestines mean less transmission of the bacteria in the growing house and during processing, and therefore, less contaminated final product. There- fore, the current data suggest that EO supplementation based on thymol and cinnamaldehyde could be used as part of a Salmonella control program.
In conclusion, feed additives, such as enzymes and EO, could be used as part of an integrated program to control Salmonella levels in poultry production. The results of the current study suggested that dietary addition of EO and xylanase could improve broiler performance and contribute to food safety by lowering the incidence of horizontal transmission of Salmonella infection between birds by 77 and 61%, respectively, compared with the control. Further trials are warranted to consolidate these findings at a commercial level.
